Aerosol drugs are usually delivered to the lung by inhalation via the oral route, since aerosol deposition is much lower in the oral than in nasal airways. In the present study a practical, non-CFD-based, mechanistic model is developed, which permits an efficient calculation of deposition along the oral route with simple computational means. A simplified geometrical description of the mouth and throat region is used, based on a sequence of conducting ducts. The numerical model takes into account aerosol dynamics, which enables to express the impact on aerosol transport and deposition of the hygroscopic growth of water-soluble particles. Simulations are made for coarse particles in the range 1-17 µm, and the model predictions are found in good agreement with the available experimental data. The model predicts inertial impaction to be the dominant mechanism, and reproduces correctly the increase in the deposition with an increasing flow rate and particle diameter. Higher deposition is calculated in the oropharyngeal region than the laryngeal region, due to the significant flow direction change and constriction at the end of the oral cavity. According to the model, highly soluble particles may deposit up to 50% more than inert aerosols in the mouth-throat region. The proposed model will be useful for quick, practical calculations of deposition with full account of aerosol dynamical processes.
INTRODUCTION
Respiration through the mouth is characterised by a lower filtering efficiency of the inspired aerosol compared to respiration through the nose. For this reason, when the target organ is the lung, the administration of pharmaceutical aerosols is commonly made through the oral route to minimize the losses.
(1) Moreover, people breath through the mouth in case of nasal obstruction, or increased ventilatory demands, as for instance during heavy work or exercise. Therefore, aerosol deposition in the mouth and throat has become a topic of increasing interest due to its significance, primarily, in drug delivery, but also due to its association with particular environmental or occupational exposure scenarios.
Aerosol particle deposition in the mouth and throat has been investigated experimentally and numerically since some time now. Most experimental works refer to natural, unperturbed inhalation connected with environmental or occupational exposures. (2) (3) (4) (5) (6) (7) (8) (9) Based on simple fitting correlations of the experimental data there have been proposed a number of mathematical models for mouth-throat deposition. These models are empirical formulae in the form of algebraic expressions, permitting to express the deposited fraction as function of the aerodynamic diameter and flow rate. The most widely used correlation is that of Rudolf et al. (10) The latter is employed in ICRP (11) for estimating the deposition of occupational aerosols during unperturbed inhalation.
Recently, the experimental works have been extended to cases in which the aerosol is delivered through special inlets to mimic pharmaceutical inhalers. (12) (13) (14) Based on these measurements there have been proposed accustomed algebraic fittings, permitting to estimate deposition (14) (in the mouth only).
Clearly, the application range of the available mathematical models is strictly limited to the specific conditions for which the model parameters were adjusted, and therefore it is not possible to extrapolate to different conditions, such as different flow-rates, or different particle characteristics (e.g. hygroscopic particles). Therefore, very often one needs to employ complicated modelling approaches, based on computational fluid dynamics (CFD). With this method the flow field is first calculated over a grid that describes in detail the geometry of the mouth and throat, and then deposition is determined with a Lagrangian particle tracking approach. (15) (16) (17) (18) Needless to say, that this method, although physically sound and straightforward, requires a great deal of effort and skill to implement, as well as considerable computing resources. Also, there is uncertainty on the adequacy of the turbulent models usually employed in CFD to describe turbulent effects in the mouth-throat region. (16) In this respect, Matida et al. (17) implemented special near-wall corrections in the Lagrangian stochastic eddy-interaction model to obtain agreement between CFD-based simulations and mouth-throat deposition experimental data. Moreover, the accommodation in computational fluid-particle dynamics of key effects, like hygroscopic growth of particles or coagulation, is a challenging modelling task in itself, and particularly intensive computationally. Therefore, such effects have been scarcely addressed in the CFD-based analyses of respiratory deposition in the extrathoracic region. Sarangapani and Wexler (19) investigated the deposition of hygroscopic particles with a CFD model, but in the nasal route. They concluded that rapid growth takes place there, influencing significantly the deposition characteristics. A similar trend may be expected in the oral route as well, considering that ambient or occupational aerosols are frequently hygroscopic, and also metered-dose inhalers include in general water-soluble compounds.
The objective of the present work is to propose a model requiring simple computational means, able to predict deposition coupled with hygroscopic growth in the mouth-throat region.
The intent is to develop a non-CFD-based model, but still using a fully mechanistic description of the aerosol deposition and dynamics, avoiding the use of empirical correlations. This will confer confidence with respect to the validity of the model and its applicability in a variety of conditions. The developed mathematical model is based on a one-dimensional representation of the aerosol flow along the mouth-throat extrathoracic flow-path. This requires the use of an idealised description of the geometry of the flow-path. Geometrical models for the mouth and throat region have been implemented by several investigators with various degrees of complexity.
There exist complicated descriptions based on detailed replicas of the extrathoracic airways, (15, 20) while on the other extreme one may find extremely idealized descriptions consisting of simple U-shaped (21) or L-shaped (22) (23) (24) tube bends. Such highly idealized geometrical models may be inadequate in reproducing the filtering characteristics of the human mouth and throat, as for instance shown by Zhang et al. (22) On the other hand, detailed three-dimensional geometries are not suitable for our purposes, but rather for laborious CFD-based models. Stapleton et al. (16) proposed an idealized mouth-throat geometry of intermediate complexity, using information from the literature, supplemented with separate measurements from Computed Tomography (CT), Magnetic Resonance Imaging (MRI) scans and observations of living subjects. The model of Stapleton et al. (16) has been shown to reproduce successfully average filtering efficiencies in vivo, (13) and can be therefore considered as a practical compromise with respect to the required degree of geometrical complexity. On that basis it has been selected in the present work, and suitably adapted for the purposes of our calculations.
METHODOLOGY

Geometrical scheme
The geometrical scheme of Stapleton et al. (16) (Figure 1A ) was reduced to a sequence of individual segments, representing the principal parts of the mouth-throat region, as shown in Figure 1B . The use of such simplified configurations is a usual practice in approximating deposition along complex paths (see, for example, description of sampling losses in Wang et al. (25) or retention in leak paths in Liu and Nazaroff (26) ). The oral cavity, the pharynx and the larynx are described as three sequential cylindrical tubes joined together. The geometrical data defining the sagittal cross-section of our geometrical model are shown in the Figure 1B . The (16) for the mouth-throat geometry (as reported in Matida et al. (17) ) and B) simplified geometry consisted of sequential equivalent cylindrical ducts, used in the present study.
principle in the geometrical transformation from scheme 1A to scheme 1B was that each element preserves its volume, as well as the length and gravity angle of its median chord. The conservation of volumes and lengths ensures that the transit time of the flow in each compartment remains unchanged in the two schemes. The detailed geometrical description of scheme 1A was inferred from the sagittal cross-section of the scheme, as reported in Matida et al. (17) As can be seen in Figure 1B the junction between tube 1 (oral cavity) and tube 2 (pharynx) (larynx) involves a bending of 60˚. In addition to the bend of 115˚ considered in the transition between the oral cavity and pharynx, a flow constriction is also introduced to describe the stenosis at the posterior side of the mouth vault. The use in our model of a localised constriction at the entrance of the pharyngeal area permits to account for the gradual narrowing of the crosssection of the mouth geometry. Cheng et al. (21) have demonstrated that a mere bend is not sufficient to mimic the deposition in the mouth-to-pharynx transition due to effects arising from the changing cross-section of the flow-path. The diameter of the inlet of the constriction is the same as the diameter of the oral cavity (1.7 cm) and the outlet diameter is 0.5 cm corresponding to the diameter of the narrower spot of the transition region between the oral cavity and the pharynx in scheme 1A. The contraction angle of the constriction is taken equal to 90º. A sensitivity analysis for a contraction angle in the range 45º-90º showed a modest effect on oral deposition (less than 10%). Note that the vocal cords are obviously another constriction-type element in the extrathoracic flow path. However, it is common practice, even in detailed deposition models, to exclude the vocal cords from the model geometry (e.g. Cheng et al. (21) , Jin et al. (27) ). Therefore, the vocal cords are not included in the present model. A more detailed analysis of the effect of vocal cords on deposition is left for a future investigation.
Aerosol modelling
The aerosol flow in our system is calculated by a Eulerian mechanistic description that takes into account aerosol deposition and dynamics. The numerical model is based on the recent modelling work of Mitsakou et al. (28) The different processes (acting simultaneously) that determine the transport and fate of the inhaled particulate matter are described with the aerosol general dynamic equation (GDE). The GDE is considered in a one-dimensional form along the flow direction using a sectional representation of the size distribution, namely for size section i is written as follows
where t is time, x is the axial coordinate along the extrathoracic flow-path ( 0 x = at the mouth inlet), u is fluid (air) velocity, N is particle concentration, d
V is deposition velocity, D is the 
The air velocity is determined by the equation of continuity
The system of equations (1) and (2) is solved numerically on a grid x point. Details on the numerical methods used, as well as on the physical models can be found in Mitsakou et al. (28) Below a brief account is given of the physical modelling.
The particle growth rate is described through a modified expression of Mason's theory (29) that includes the Kelvin effect, the solute mass effect and the Fuchs correction factor. The deposition is assumed to be the result of the combined mechanisms acting simultaneously on the inhaled aerosol. Inertial impaction is considered active at the locations where the flow-path is forced to change direction, namely while entering the pharynx and the larynx. In curvilinear motion the centrifugal force acting on a particle is 2 c mu r , where m is the particle mass, u the air velocity and c r the curvature radius. This force gives rise to a drift velocity making the particle to escape from the flow, which can be approximately considered as the deposition velocity due to impaction. Therefore, 
).
Hence, the curvature radii at the entry of the pharynx and the larynx are specified to be Re 36500 f
which has the advantage of describing uniformly the entire range of Reynolds numbers (both transition and fully turbulent regimes). Although this equation is originally derived by Churchill for smooth single-phased fluid flow on straight surface, it was also found suitable for deposition in flows within straight tubular sections (33) . It is worthwhile noticing that despite of the fact that there is a flow developing region at the entrance of every tubular segment in our geometry, the use of equations (5)- (6) originally intended for fully developed turbulent flows in straight segments does not compromise the validity of the results due to the fact that the length of this region is negligible. For example, taking into account that according to Longest and Xi (34) the entry transition length is l=0.07D inlet , for the first entry section of the geometry (Fig. 1B) this translates to 0.07·1.7 cm ≈ 1 mm which is negligible compared to the whole 9 cm length of this section.
The deposited fraction in a straight tubular segment with length L is determined as the fraction of the number of particles deposited in the area to the number of particles that are introduced at the inlet, consequently 
Deposition in the flow constriction between the oral cavity and the pharyngeal region, cont n , is described by using the empirical correlation of Muyshondt et al. (35) The latter researchers 
where Stk is the Stokes number (based on the small-diameter tube and the average velocity in the large tube) and θ is the contraction half-angle in degrees.
Temperature -Relative humidity
The temperature and relative humidity in the respiratory tract have been determined by Ferron et al. (36) on the basis of the transport of heat and mass (water vapour) in the human airways. The temperature and humidity profiles used in our simulations are presented in Figure 2 . The dotted curves depict the temperature and relative humidity along the respiratory tract during the inspiration and expiration periods, as reported by Ferron et al. (36) In the present work we will perform only steady-state analyses because the available experimental data refer to average stationary breathing conditions. For the needs of the steady-state approximation, we use the midvalues of the two breathing periods, so as to describe the average extrathoracic conditions of temperature and humidity during the entire respiration cycle. These profiles, used as input in the simulations, are shown in Figure 2 with solid lines. 
RESULTS
The contribution of each separate deposition mechanism (impaction, diffusion, sedimentation, turbulence) is presented in Figure 3 . It is evident that inertial impaction is the dominant deposition mechanism in the extrathoracic region during oral breathing, as already suggested by previous studies. (21, 37) The second most important contribution is due to the deposition in the constriction element between the oral vault and the pharyngeal region. This can be also attributed to the mechanism of inertial impaction. As the results of Figure 3 indicate, turbulent effects have a very small, still marked contribution. Instead, Brownian diffusion has a negligible influence. Previous studies have used either of the two expressions above, hence, in our work we present experiments points for the whole range of impaction-parameter values considered (each point corresponds to a certain impaction-parameter value) was carried out. The results are summarised in Table 1 . As expected, different levels of agreement are obtained for each experimental data set. As can be seen the regression ranges from y=0.46x+24.1 with correlation coefficient R=0.46
for predictions vs. experiments of Bowes and Swift (7) to y=0.94x+12 with R=0.54 for predictions vs. experiments of Chan and Lippmann (9) . The first case translates to a trend towards underestimation of the experimental results i.e. coefficient of x less than unity whereas the latter case, for which the coefficient of x is close to unity, corresponds to close agreement with experimental results. In general the model tends to underestimate measured deposition (coefficient of x less than 1). This trend can be attributed to the idealized geometry used and might be attenuated by further elaborating the geometrical scheme. Overall, however, considering the dispersion of the experimental data, the model predictions agree rather satisfactorily with the measurements given that they not only lay midway through the experimental points but also follow closely their trend as function of the impaction parameter.
The observed agreement can be considered as an important achievement of the model, because the model has been based on a mechanistic description of deposition without any tuning to extrathoracic deposition measurement data.
In order to assess the parametric effect of inspiratory flow rate, we compare the model predictions with the measurements of Cheng et al. (21) , in which deposition is measured at various flow rate conditions. In these tests, deposition of monodisperse particles with sizes between 1-17 µm and for steady flow rates in the range 15-60 L min -1 has been determined as a function of particle aerodynamic diameter, using a cast of human oral airways which mimic the realistic geometry. The simulations are performed using the same experimental conditions and our idealised geometrical scheme (Fig. 1B) . The deposited fraction in the mouth and throat region, as experimentally determined and predicted by the model, is shown in Figure 5 . The measurements Figure 5 : Mouth-throat deposition as a function of particle size for various flow rates, as experimentally determined by Cheng et al. (21) , and as predicted with the present model.
show that particle deposition increases with increasing particle diameter and flow rate, as result of the strong inertial impaction characterizing particles larger than 1 µm. This trend is well reproduced by the model. Model predictions agree closely with the experimental values, especially at the flow rate Q =15 L min -1 . This is clearly attested by the statistical analysis of the data (Table 1) , which resulted to a x-coefficient and a correlation coefficient both practically Leeming (38) ). Overall, the calculations reproduced with acceptable accuracy the variations of the coarse particle deposition in the mouth and throat cast of Cheng et al. (21) under varying inspiratory flow rates. This consolidates strongly the validity of the approach used, because in the model no use was made of any parameter fitted on these experimental data.
Next we investigate the effect of hygroscopicity on mouth-throat deposition. It is well-known that the growth rate is inversely proportional to the initial particle size (small particles grow faster than larger particles). Still, rough estimations indicate that even coarse hygroscopic particles (between 1-15 µm) inspired at a typical flow rate of 30 L min -1 (transit time in the mouth and throat ~ 70 ms) grow in diameter by 1.3 to 2.3 times at the temperature and humidity conditions of the extrathoracic airways. As size increases, deposition due to inertial impaction may rise significantly, thus a parametric investigation of this effect seems in order. Figure 6 shows total deposition, as well as deposition in the oropharyngeal and laryngeal regions separately, as a function of the initial particle diameter. The extrathoracic deposition is calculated for both inert and hygroscopic particles with initial diameters in the range 1-17 µm. We assumed that the hygroscopic aerosol consists of particles with the physical properties of sodium chloride (molecular weight = 58.5 g mol -1 , ion dissociation = 2). NaCl particles are highly hygroscopic,
thus by assuming such particles we will maximise the effect, and derive an envelop of the impact of hygroscopicity on deposition. The analysis is made assuming a typical value of inspiratory flow rate of 30 L min -1 . As the results of Figure 6 indicate, the effect of hygroscopic growth is noticeable in the mouth-throat region. If hygroscopic growth is neglected, deposition of watersoluble particles may be significantly underestimated, e.g. by 50% for initially 6 µm particles.
With larger particles the effect becomes gradually less pronounced, e.g. underestimation by 15%
for 12-µm particles, and for particles of about 16 µm practically vanishes. This behaviour is expected because the growth rate decreases as particle size increases, hence at a certain point particle growth becomes negligible in the conditions of the mouth and throat region. In terms of regional deposition, the effect is more marked in the oropharyngeal region, in comparison to that in the laryngeal region. The cross-sectional area narrows significantly (constriction in the The foregoing analysis clearly indicates that hygroscopic growth has to be taken into account to properly calculate deposition in the mouth-throat region. We tested if this can be done in a simplified way, namely, to consider the particles as non-hygroscopic, but having a diameter equal to that reached during the transit period in the mouth and throat region. The implicit underlying assumption is that the growth time scale is negligible in front of the flow time scale, so particles acquire immediately their final size. The results are shown in Figure 7 . As can be seen, the simplified approach may lead to a significant overestimation of the extrathoracic deposition (e.g. 25% for p d = 8 µm). Therefore, for the particle sizes of interest aerosol dynamics (growth kinetics) cannot be neglected, and the evolution of the particle size needs to be taken into account. This requires a coupled numerical scheme, accommodating simultaneously the modelling of aerosol transport, deposition and aerosol dynamics. The following specific conclusions can be drawn:
• The use of a one-dimensional mechanistically-based numerical model is a viable way to describe adequately aerosol deposition in the mouth and throat.
• The simplicity in describing the geometry and the flow allows to include important dynamical effects, as hygroscopic growth of water-soluble particles.
• Deposition is higher in the oropharyngeal than the laryngeal part of the extrathoracic region. Impaction is enhanced in the oropharynx, because in this region the flow experiences more pronounced changes with respect to flow direction and cross-sectional area.
• The effect of hygroscopicity on the transport and deposition of aerosols in the mouth and throat is significant, even for coarse particles much larger than 1 µm in diameter. For highly hygroscopic particles the induced effect may be as important as 50% in terms of increase in the deposited fraction.
• Modeling of hygroscopic growth is usually simplified by assuming that particles acquire immediately their final size. In our simulations this approximation introduced large inaccuracy in the predictions and, therefore, is not recommended. The recommended approach is to perform aerosol dynamics calculations coupled with aerosol transport and deposition calculations.
